We report a technique for coherence transfer of laser light through a fiber link, where the optical phase noise induced by environmental perturbation via the fiber link is compensated by remote users with passive phase noise correction, rather than at the input as is conventional. Neither phase discrimination nor active phase tracking is required due to the open-loop design, mitigating some technical problems such as the limited compensation speed and the finite compensation precision as conventional active phase noise cancellation. We theoretically analyze and experimentally demonstrate that the delay effect introduced residual fiber phase noise after noise compensation is a factor of 7 higher than the conventional techniques. Using this technique, we demonstrate the transfer laser light through a 145-km-long, lab-based spooled fiber. After being compensated, the relative frequency instability in terms of overlapping Allan deviation is 1.9 × 10 −15 at 1s averaging time and scales down 5.3×10 −19 at 10,000 s averaging time. The frequency uncertainty of the light after transferring through the fiber relative to that of the input light is (−0.36 ± 2.6) × 10 −18 . As the transmitted optical signal remains unaltered until it reaches the remote sites, it can be transmitted simultaneously to multiple remote sites on an arbitrarily complex fiber network, paving a way to develop a multi-node optical frequency dissemination system with post automatic phase noise correction for a number of end users.
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I. INTRODUCTION
O PTICAL frequency references and clocks have achieved an unprecedented accuracy of better than 1 part in 10 18 , with an instability near 1 part in 10 19 [1] , [2] , [3] , [4] , [5] . Newly developed optical frequency dissemination schemes have attracted widespread research interest [6] , [7] . Fiber-based optical frequency has recognised as an ideal solution for ultra-long haul dissemination because of fiberoptic's unique advantages of broad bandwidth, low loss, and high immunity to environmental perturbations, etc [8] , [7] . Thanks to the rapid development over the last decades, optical frequency dissemination with even increasing performance and Manuscript received xxx xxx, xxx; revised xxx xxx, xxx. This work was supported in part by the National Natural Science Foundation of China (NSFC) (61627871, 61535006, 61905143) fiber lengths are expected to play a crucial role for science and technology including time and frequency metrology [9] , [10] , [11] , [12] , navigation, radio astronomy [13] , [14] and tests of fundamental physics [15] , [16] . To date, efforts have mainly focused on long-distance connections between just two locations connected by an optical fiber by correcting phase perturbations between the local and remote end [8] , For example, frequency comparison between two separated Sr optical clocks located at PTB (Germany) and SYRTE (France) has been demonstrated with a 1415-km-long optical fiber link [15] and the gravity potential difference between the middle of a mountain and a location 90 km away has been determined with a transportable Sr optical lattice clock from PTB [17] .
Schemes with a variety of different topological structures that are intended to meet various application requirements, ranging from point-to-point to multi-access, cascade, and starshaped structures, have been experimentally demonstrated. Delivering a stable optical frequency to multiple locations has been demonstrated by extracting a portion of the forward and backward transferred optical signals at any position along the fiber link as first proposed by Grosche et al. [18] . In this approach, many places along the fiber link can be served as an optical reference frequency and only one single fiber link stabilisation control loop is necessary. A clear disadvantage of this technique is that in case of malfunction of the link stabilisation system, all the access nodes will also be failure [18] , [19] , [20] . To overcome the above main drawback, ultrastable optical frequency dissemination schemes on a star topology optical fiber network have been proposed and experimentally demonstrated [21] , [22] . Using this method, a highly synchronized the optical signal itself can be recovered at any remote sites by actively compensating the phase noise of each fiber link at each user end [21] , [22] .
Optical phase noises of the transmitted frequency introduced by thermal and acoustic fluctuations of the fiber link can be actively cancelled either by physically modulating the fiber length or by shifting the carrier frequency via a voltagecontrolled oscillator (VCO). The main drawback related to the active approach is the need of complex circuits to extract the phase error and drive the devices for phase correction in real time e.g., frequency divider with a high ratio to avoid the cycle slips. Although the method based on VCOs principally has an endless compensation range, it is hard to achieve precise compensation because of the high voltage sensitivity of the VCOs. Additionally, the pulsing of the clock laser light and optical frequency transfer over free-space where the interruptions frequently happened call for short settling times of stabilization locks, namely the fast compensation arXiv:2001.05712v1 [physics.optics] 16 Jan 2020 speed, which is great challenge even for dedicated servo amplifiers [23] , [24] .
Passive phase correction schemes based on frequency multiplexing and mixing to realize stable radio frequency (RF) dissemination via optical fiber have been proposed and experimentally demonstrated [25] , [26] , [27] , [28] , [29] . In comparison with the active schemes, the passive phase correction schemes would have a simple structure, a fast compensation speed, and an infinite compensation precision. In addition, the passive phase correction method can be achieved by both prephase cancellation in the transmitter and post-phase correction in the receiver [25] , [30] . While RF frequency transfer based on passive phase noise cancellation has been experimentally demonstrated, the frequency multiplexing and dividing method is not suitable for optical frequency dissemination, in particular, for fiber based optical frequency dissemination.
In this manuscript, we propose a technique for the coherence transfer of laser light through a fiber link, where the optical phase noise induced by environmental perturbation via the fiber link is automatically compensated by remote users with passive phase noise cancellation. Theoretical analysis demonstrates that the delay effect introduced residual fiber phase noise after noise compensation is a factor of 7 higher than the conventional techniques. The theoretical result was compared to experimental results that were obtained for optical frequency transfer over a 145 km fiber link. The experimental results confirm that the proposed scheme with post automatic phase correction will slightly degrade the performance of the system and, however, a state-of-art result can still be obtained.
The article is organized as follows. We illustrate the concept of multi-node optical frequency dissemination with post automatic phase noise cancellation in Sec. II and explain in Sec. III how to numerically analyze the delay limited phase noise power spectral density (PSD) based on the triplepass technique for the first time. In Sec. IV, we discuss the experimental apparatus and results. Finally, we conclude in Sec. V by briefly summarizing our results and providing an outlook. Figure 1 shows coherent transfer of optical frequency based on a triple-pass technique with post automatic phase noise cancellation [21] , [22] , [31] . The laser light is coupled into a star topology fiber network. The transferred light can be extracted by each remote user. The Faraday mirrors (FMs) are separately installed at the local end and each remote end to rotate the polarization of light by 45 • for a single pass and reflect the transferred light back. To distinguish the reflected light by the FM from the stray reflected light along the fiber network, the acousto-optic modulator (AOM l ) and AOM r1 with different driving frequencies are inserted at the local and remote ends, respectively. For each remote user, the driving frequency of AOM r1 is unique to discriminate its frequency, and additional AOM (AOM r2 ) is cascaded after just AOM r1 to correct the phase noise of the single-pass light. The extraction and compensation of the fiber phase noise are both carried out at the remote end. This is the fundamental difference between the double-pass scheme and the triple-pass scheme as discussed in [21] , [22] . The beatnote is obtained on a photo-detector (PD) by heterodyne beating the single-pass light against the triple-pass light, acting as a phase detector that the phase noise introduced by each fiber link. The different frequency of the light source enables remote users at different sites to compensate for the fiber phase noise independently. More importantly, using passive phase noise correction at each remote user enables significantly the improvement of the robustness of the system. Figure 1 shows the diagram of the experimental setup for multi-node optical frequency dissemination through the fiber links. The electric field of the light from a narrow-linewidth laser is
II. CONCEPT OF MULTI-NODE OPTICAL FREQUENCY DISSEMINATION
where ν and φ s are the angular frequency and the phase of the light, and here and in the following text we ignore the amplitude for conciseness. The light is passed through a local AOM (AOM l ) working at the angular frequency of +ω l with the initial phase of φ l and then coupled into a star topology fiber network. At the remote, taking the remote user 1 as an example, the fiber output light can be expressed as
where φ p is the added phase noise after transferring through the fiber. The received signal at the remote user 1 is frequency shifted by +ω r1 with an initial phase of φ r1 with AOM r1 . The electric field of the one-way is
Assuming that the optical phase noise introduced by environmental perturbations on the fiber link in either direction is equal, the electric field of the light after transferring through the fiber between the local site and the remote for another roundtrip is
E t heterodyne beats against E 2 on PD, the upper side of the heterodyne beatnote is
Afterwards we divide the angular frequency of E 3 with a factor of 2, resulting in
To compensate the phase noise introduced by the fiber link, we cascade one more AOM (AOM r2 ) working at the downshifted mode just after AOM r1 . Then we feed E 4 to the RF port of AOM r2 . After being compensated, the single-way light at the remote site is expressed as
where others represent multiple-trip optical signals between the local site and the remote site. We can see that the first term of Eq. 7 is independent of the frequency source at the remote site. In comparison with conventional approaches, this represents another improvement [21] , [22] .
III. DELAY-LIMITED PHASE NOISE PSD
In this section, we concentrate on theoretical analysis of the delay effect on fiber phase noise compensation in our proposed scheme by using the methods adopted in [32] , [20] . The delay effect mainly derives from the fiber delay. As for the triplepass scheme illustrated in Fig. 2 , the light is coupled into the fiber at the local end (z = 0) and is transferred through the fiber for a distance of L. The fiber phase noise is collected at the remote end (z = L) at time t = 0. Thus the phase noise at the position z and at the time t can be expressed as δφ(x, t). The fiber delay for a single pass is τ 0 = L/c n , where c n is the speed of light in the fiber. For the single-pass light, the accumulated fiber phase noise is The Fourier transforms of the above equation is
Similarly, for the triple-pass light, the total fiber phase noise φ t (t) collected by accumulating the fiber noise in the first, second and third passes has an expression of
The beat signal between the single-pass light and the triplepass light is obtained by comparing φ s (t) with φ t (t). It is obvious that the fiber noise of the single-pass light is equal to that from the third pass of the triple-pass light. Thus they cancel each other out, resulting in the fiber noise of the first and second passes in the beat signal. An error signal φ error (t) indicating the fiber phase noise can be expressed as
Assuming that the noise is uncorrelated with position, the phase-noise PSD for the fiber-induced phase noise on the oneway light is
We divide the angular frequency of the beat signal with a factor of 2 and feed the divided frequency onto the RF port of AOM r2 . Thus the remaining phase noise in the optical signal can be obtained by subtracting the extracted phase noise φ error from the uncompensated single-pass light
With an assistance of Eq. 9, Eq. 13 becomes
Again assuming spatially uncorrelated noise along the fiber, we can have |δ φ(z, ω)| 2 = dS fiber (ω, z) = S fiber (ω)/L. The remaining phase noise PSD at the remote site is then
Trigonometric function can be expanded with the Taylor expansion when ωτ 0 1, so cos(x) 4 . By inserting the expansion results into Eq. 15, then the remaining phase noise PSD at the remote site yields
Once we ignore the high order term of O(ωτ 0 ) 3 , the phase noise spectral density has the same expression of
The result indicates that the fiber phase noise cannot be thoroughly compensated because of the delay effect and it is proportional to τ 2 0 and the uncompensated single-pass fiber phase noise PSD S s (ω). The residual fiber phase noise PSD in the triple-pass scheme turns out to be a slight worse (a factor of 7) than that of in the conventional double-pass scheme [32] , [20] .
IV. EXPERIMENTAL APPARATUS AND RESULTS

A. Experimental Apparatus
We have demonstrated this technique by using the simplest configuration that possesses all the critical elements for optical frequency over a star topology fiber network. The proposed scheme was tested using a narrow-linewidth optical source (NKT X15) at a frequency near 194.3 THz. The signal was then split equally into two parts, one part being transmitted along 145 km spooled fiber link to the remote site 1. Due to the limited available components, here we only test the remote site 1. Two home-made bidirectional Erbium-doped fiber amplifiers (EDFAs) have been adopted after 70 km and 145 km fiber link for boosting the fading optical signal. This proof-of-principle demonstration was over 145 km, but the technique is equally applicable to longer fiber by inserting more bidirectional amplifiers along the fiber link [11] , [12] . The angular frequencies of AOMs at the local and remote sites are ω l = 2π × 45 MHz (AOM l , downshifted mode), ω r1 = 2π × 80 MHz (AOM r1 , upshifted mode) and ω r2 = 2π × 80 MHz (AOM r2 , downshifted mode), respectively. To match the driving frequency of AOM r2 , we mix E 4 with a RF signal with a frequency of 45 MHz and the upper sideband is extracted. With this configuration, we can acquire an out-loop heterodyne beat frequency 45 MHz.
To measure the phase noise of the optical carrier frequency at the remoter, we perform the measurement by feeding the heterodyne beat frequency together with a stable frequency reference to a phase detector. The voltage fluctuations at the phase detector output are then measured with an FFTanalyzer to obtain the phase fluctuations S φ (ω). Here we measure the phase noise power spectral density (PSD) for the stabilized fiber link and for the free-running link where no noise cancellation is applied. Additionally, to effectively measure the transfer stability to the remote site, we use a frequency counter, which is referenced to the frequency source at the local site, to record the out-loop heterodyne beat frequency. of the unstabilized and stabilized interferometer, respectively. The noise floor was measured by optically short-cutting the stabilized link by connecting the output of the local acoustooptic modulator to the input of the remote EDFA using an optical attenuator. The phase noise of the unstabilized interferometer (black curve in Fig. 3 (a) ) is dominated by S φ (f ) ∼ 10 −1 /f 5 rad 2 /Hz up to a Fourier frequency of f = 10 Hz while above 10 Hz a white phase noise level of S φ (f ) = h 0 /f 0 rad 2 /Hz is reached. Once the interferometer is stabilized by means of the proposed passive phase noise cancellation, the fluctuations of the path length and those arising from devices that are inside of the loop are corrected. The phase noise is suppressed by approximately 50 dB at 1 Hz. The stabilized interferometer is dominated by a white phase noise level of S φ (f ) ∼ 10 −7 /f 0 rad 2 /Hz. Figure 3 (b) illustrates the corresponding fractional frequency instability. Measurements of the frequency instability for longer averaging times calculated by overlapping Allan deviation (ADEV) (triangles) and modified Allan deviation (MDEV) (circles) taken with the counters operating in Π-averaging mode and Λ-averaging mode, respectively, with 1 s gate time [33] . We can clearly see that the variable noise floor, which for averaging times beyond around 300 s is approximately 10 −18 . We attribute the variation in the 10 −18 range to differential temperature fluctuations in the local and the remote optical setup and received RF power fluctuations introduced by the polarization variations in the fiber link [32] . Therefore, we regard the observed instability around 10 −18 as fortuitous in our present setup, where the temperature of the optical setups is not controlled passively or actively. To further determine the electronic noise limit of our measurement capabilities, the electrical path was locked to an RF synthesizer and its frequency was counted. A fractional frequency instability in terms of ADEV 1.6 × 10 −17 /τ was achieved which includes electronic noise due to the RF components and the frequency counting system. Figure 4 shows the phase noise PSD for the 145 km stabilized fiber link (green curve), and for the 145 km free-running link (black curve), where no phase noise cancellation was applied. We find that unlocked phase noise on our fiber link approximately follows a power-law dependence, S φ (f ) ∼ h 2 /f 2 rad 2 /Hz, for f < 1 kHz, indicating that white frequency noise is dominating in the free running fiber link, where h 2 ∼ 430 is a coefficient that varies for different fiber links. Once the fiber noise cancellation system at the remote end is applied, the phase noise PSD is remarkably suppressed down to ∼ 10 −2 rad 2 /Hz within its delay-unsuppressed below 1/4τ 0 345 Hz, showing the remaining noise is mainly determined by the white phase noise. It is important to note that strong servo bumps disappeared. In comparison with conventional active phase noise cancellation schemes, the disappeared servo bumps represent another improvement because this reduce the integrated phase noise [32] . From Fig. 4 , we also can find the measured locked phase noise to be in good agreement with the theoretical value (grey curves) as predicted in Eq. 17. This, on other hand, confirms the correctness of the theoretical model presented in Sec. III. Complementary to the frequency-domain characterization, a time-domain feature of the fractional frequency instability is performed. Figure 5 shows the instability of the freerunning link (up triangles). It fluctuates in the 10 −14 range with an overall mean of the fractional frequency offset of here ∼ 2 × 10 −14 . The instability indicates processes with several periods of temperature fluctuations. In case of ADEV, it is around 1.9 × 10 −15 at an averaging time of 1 s and reaches a floor in the 10 −18 -range for a few thousands of seconds of averaging time. The filled circles represent the result of applying the MDEV formalism to the Λ-type data, The Λ-MDEVs fall off as 9.6 × 10 −17 /τ 2 for averaging times up to a few seconds as expected e.g. for white phase noise. For the measurement, a flicker frequency noise floor around 10 −18 seems to be reached after about 1,000 s of averaging time τ . This is to be expected from the variations of the current noise floor of the setup without the long fiber link as shown in Fig.  3 (b) . Figure 6 displays the frequency deviation of the transferred light from the expected value. Here we recorded the relevant beat notes with 1 s gate time and with Π-type counter, to avoid overweighting the center parts of the data sets with the triangular weighting of the Λ-type counter. The frequency the beat signal was measured in 81,000 s on a counter with a gate time of 1 s. The distribution of the frequency deviation over counts follows a Gaussian function. We divided the data set into 81 subsets with a length of continuous 1,000 s time period. The mean value of each subset is calculated, as shown with black filled circles in Fig. 6 . The 81 data points have an arithmetic mean of −68.7 µHz (-3.6×10 −19 ) and a standard deviation of 494 µHz (2.6×10 −18 ). Consequently, the statistical fractional uncertainty of the 81,000 data points is calculated to be (−0.36±2.6)×10 −18 . These results indicate Fig. 6 . Frequency deviation of the transferred light from the expected value when transferring through 145-km fiber link (green dots). The relative frequency deviation is measured by Π-type frequency counter. The arithmetic means of all cycle-slip free 1,000 s intervals have been computed. From the resulting 81 data points (black dots, right frequency axis), a fractional difference between sent and transferred frequency of (−0.36 ± 2.6) × 10 −18 is calculated.
B. Interferometer noise floor
C. Main fiber link
that the system meets the requirements of remote comparisons of optical atomic clocks [34] , [15] , [17] .
To note that in the current setup we only stabilize the fiber path starting at the input of AOM at the local site and ending at the FM at the remote site, but thermal and acoustic perturbations affecting all other fibers or fiber components involved in the optical carrier transfer path. In particular, the interferometer was built with a fiber-coupled AOM (AOM r2 ), which caused non-optimal spatial design and thus involved relatively long uncompensated fibers and thermal effect. In the immediate next step, we are also planning to stabilize the uncompensated path with passive or active methods [35] , [11] , [36] .
Because of the similarity among the test results of different remote site, we just show the test results of a typical remote sites in a star topology fiber network. As discussed in [21] , [22] , our scheme, in principle, can support multiple users simultaneously by choosing different AOM-driving frequencies in different channels to make the beat notes at different remote users shift by a few megahertz. Then in each channel, the remote user uses a narrow bandwidth band pass filter to filter out the signal for noise compensation. The number of remote users for this scheme will be determined by some technical problems such as the bandwidth of the band pass filters. Additionally, there is 3 dB insertion loss by adding one more remote site, proper EDFAs and electrical amplifiers can be used to amplify the desired optical signals and detected RF signals. Thus, it ensures that multiple remote sites can be inserted in a star topology fiber network V. CONCLUSION In summary, we have presented a new method, making a stable optical frequency available at remote user sites. The phase drift generated by fiber-length variations can be automatically eliminated by optical frequency mixing and shifting at the remote sites with assistance of AOMs. Neither phase discrimination nor active phase tracking is required due to the open-loop design, mitigating some technical difficulties in conventional active phase noise cancellation. Moreover, our approach, in principle, doesn't need the remote signal source. Consequently, the signal source with a high frequency stability, is no longer needed, which simplifies the system and makes the system cost-effective. We experimentally demonstrate the transfer of optical frequency to one remote site through 145 km, lab-based spooled fiber links. After being compensated, delivering an optical frequency to multi-node with the relative frequency instability in terms of ADEV measured by Π-mode frequency counter is 1.9 × 10 −15 at 1 s and 5.3 × 10 −19 at 10,000 s. The frequency uncertainty of the light after transferring through the fiber relative to that of the input light is (−0.36 ± 2.6) × 10 −18 for the 145 km fiber link.
The proposed technique considerably simplifies future efforts to make coherent optical frequency signals available to many users, enabling the above mentioned applications, and paving a path towards a redefinition of the unit of time, the SI second through regular and practical international comparisons of optical clocks [34] , [37] , [38] , [39] , [40] .
